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ABSTRACT

The performance of a marine managed area around Coiba National Park (CNP) in
Panama was assessed using before-after data and four measures of predicted change:
biomass of commercial fish species; biomass of higher carnivorous fish species; density of
shellfish species, and live coral cover. Changes in these measures in CNP were compared
with changes at unprotected sites, and with changes amongst non-commercial and lower
trophic level fishes, as reference groups. Commercial, non-commercial and total fish
biomass increased between 2007 and 2009, with the largest increases recorded in
protected areas. The biomass of carnivores and herbivores also rose during the study
period, with protected areas experiencing the largest gains. Planktivore biomass
decreased in protected areas and rose slightly in unprotected areas. Although considered
an area with moderate-to-low enforcement of fishing regulations, total observed carnivore
biomass of 295 kg/1 000 m? in CNP was comparable to highly-enforced oceanic MPAs
within the broader region (Cocos and Malpelo islands). For shellfish species, conch and
oyster densities rose significantly in protected areas. Conversely, sea cucumber density
decreased to near the point of local extinction in protected sites. Live coral cover
decreased non-significantly (ca. 15%) between 2002 and 2009 in both protected and
unprotected areas. Thus, the ecological effects of managed areas around CNP are mixed
but with some strong signs of recovery. Some species, notably commercial fishes, have
benefited substantially from existing fishing regulations, but enforcement is critical to full

recovery and can be greatly improved.

Keywords: Panama, Coiba National Park, MPA, resilience, fish biomass, Eastern Tropical
Pacific, trophic cascade

1. Introduction

Marine resource management has traditionally been based on identifying optimal

harvesting limits for specific target stocks (Hughes et al., 2005). However, the decline of

fish and shellfish populations across the world suggests that these traditional management
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systems are in many cases misguided. Consequently, ecosystem-directed management
tools that aim to protect large marine areas and ecosystem function are urgently needed
and currently represent a research focus (Crain et al., 2009). Fully and permanently
protected and managed marine reserves represent one of these tools.

The benefits of marine reserves in terms of protecting organisms and their habitats are
now well characterized. Empirical studies have shown increased abundance, biomass
and density in fish and shellfish species within reserve boundaries (Claudet et al., 2008).
For example, Roberts et al. (2001) reported a threefold increase in the combined biomass
of five commercially important fish species after three years of protection in St Lucia’s
Soufriere Marine Management Area. By allowing otherwise exploited species to recover,
marine reserves also preserve genetic variability and restore natural age structures in fish
and shellfish populations. In addition, ecosystem function and integrity are maintained by

conserving biodiversity and key habitats (Roberts et al., 2005).

Recovery (even if partial) of otherwise exploited species is also predicted to support
fisheries adjacent to a marine reserve. Fishery enhancement occurs through two
mechanisms: “spillover”, or the density-dependent emigration of adults and juveniles
across the reserve’s borders; and “restocking”, increased production and dispersal of eggs
and larvae from within the reserve to external regions (Forcada et al., 2006). Restocking
benefits largely result from prohibiting fishing and other harmful activities that prevent fish
and shellfish from reaching maturity. Allowing marine organisms to live longer and grow
larger (Hawkins et al., 2006) greatly increases their fecundity because of the exponential
relationship between body size and fecundity (Bohnsack, 1990). Several studies have
demonstrated spillover empirically. Tupper and Rudd (2002) established that catch per
unit effort for hogfish decreased with increasing distance from a reserve in the Turks and
Caicos Islands, strongly suggestive of spillover. Similarly, Roberts et al. (2001) found that
spillover of black drum, red drum and spotted sea trout benefited recreational fisheries

adjacent to a wildlife reserve in Florida.

Supporting ecological function and integrity are recognized as particularly important
aspects of marine reserves because they increase resilience. Resilience is, in theory,

characteristic of marine reserves for various reasons. Firstly, by preventing food-web
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simplification and the loss of key functional groups like herbivores and top predators,
marine reserves are more stable and less prone to phase shifts (Hughes et al., 2005). On
coral reefs, for example, herbivores such as parrotfish inhibit the growth of macroalgae
that can replace corals; however, top-down limitation may not always have beneficial
outcomes in marine reserves (Mumby et al., 2006). A rise in the abundance of top
predators can trigger trophic cascades, and thus cause a decline in primary and secondary
consumers like parrotfish. If no other herbivores replace those lost to predation,

macroalgae may flourish.

Although strong evidence is accumulating for the conservation and fisheries benefits of
marine reserves, many people, particularly commercial fishermen and managers, remain
skeptical about their value (Roberts et al., 2005). Indeed, failure to improve adjacent
fisheries through spillover, for example, increases the likelihood that local fishermen will
poach within a reserve (Tupper and Rudd, 2002). Therefore, given the potentially
competing ecological outcomes in marine reserves, any reserve needs to be scientifically
monitored to assess its performance. More information is needed on the basic ecology, life
history and population dynamics of marine organisms to improve the accuracy and
reliability of predictive assessments (Hughes et al., 2005). Time series data are particularly
needed given the paucity of reserve studies that include a temporal component (Willis et
al., 2003), and strong biases in location of reserves that often confound inside-outside

ecological comparisons (Edgar et al., 2004).

This study aims to evaluate short-term community changes within the initial years of
implemented fisheries regulations in areas under different management regimes by
evaluating changes in various ecological parameters (living coral cover, fish abundance
and biomass, and population density of target exploited species such as lobster conch,
oysters, sea cucumbers). On the basis of theory associated with marine reserves
(Lubchenco et al., 2003), we here test specific predictions that: 1. biomass of exploited
and large carnivorous fish species increase in MPAs relative to external reference sites; 2.
biomass of non-exploited and low trophic level species do not change in MPAs relative to
unprotected sites; 3. densities of targeted invertebrates increase in MPAs relative to

unprotected sites; and 4. live coral cover increases in MPAs relative to unprotected sites.
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2. Methods
2.1.  Study area and legal framework

The study incorporated nine sites within the marine managed area of Coiba National Park
(CNP) and nine unprotected sites located in the surrounding region of the Gulf of Chiriqui,
western Pacific Panama (Fig. 1). The 18 sites were initially investigated in 2003 and 2007
(Guzman et al., 2004, 2008), and resurveyed in November 2009. CNP was established in
December 1991, its legal status improved in July 2004, and World Heritage recognition
confirmed in July 2005. CNP encompasses an area of 2562 km?, with ca. 2025 km? (79%)
corresponding to marine environments (Guzman et al., 2004; ANAM, 2009). An interim set
of fishing regulations was implemented while developing the management plan, the most
relevant of which included: (i) the establishment of a 1.8 km no-take zone around all
islands and islets (ca. 339 km, representing 23.5% of shallow marine environments), (ii) a
ban on all fishing of sharks, lobsters, conch and turtles, (iii) a prohibition on use of fishing
nets, and (iv) maximum numbers and minimum sizes for circular hooks on fishing lines.
Implementation of the management plan was approved in June 2009 (ANAM, 2009). The
geology, climate and oceanography of the area is summarized by Guzman et al. (2004)
and Guzman and Breedy (2008).

2.2. Fish abundance and biomass

Visual censuses of fishes were undertaken using a belt transect protocol implemented
previously for other locations in the tropical eastern Pacific region (see Edgar et al., 2004)
and in April 2007 for Panama. At approximate depths of 5 and 10 m, duplicate 50 x 5 m
transects, separately by 5-10 m, were conducted parallel to the shore at each site. Divers
swam slowly, recording humber of species and size categories of all fishes sighted within
each 250 m? transect area. Size was estimated within 16 25-mm size-classes (see Edgar
et al., 2009). Fish biomass was estimated from visual abundance counts and size
estimates using length-weight relationships provided for total length of each fish species in
Fishbase (http:/www.fishbase.org). Fishbase additionally provided dietary information that
was used to categorize fish species into four trophic categories: planktivore, herbivore,
lower carnivore, higher carnivore. Lower carnivores comprised demersal rays and bony
fishes feeding predominantly on crustaceans, molluscs, polychaetes and small (<50 mm

length) fishes. Higher carnivores comprised the sharks, carangids, scombrids,
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sphyraenids, and larger predatory lutjanids and serranids, feeding on fishes greater than
50 mm length (DeMartini et al., 2008).

2.3. Density of exploited indicator species

Censuses of lobster (Panulirus gracilis), conch (Strombus galeatus, S. peruvianus), pearl
oyster (Pintacta mazatlanica) and common sea cucumber (Holothuria atra, Stichopus
fuscus) were made in February 2007 following survey protocols described elsewhere
(Cipriani et al., 2008; Guzman et al., 2008). Abundance of individuals for each group was
estimated from three replicate belt-transects of 6 x 100 m haphazardly surveyed at two
depths ranging from 1.5-14 m within each site (totaling 6 survey areas of 3 600 m? per
site). Transects were visually surveyed, with all individuals counted inside crevices, under
rocks and on sand by two divers using a 6-m long PVC pole as reference, each diver
surveying a half of each transect (a 3-m width strip). Densities per transect were
estimated by dividing the abundance per transect by 600m? and scaling to hectares (ha).
The overall mean density of each sampling site was obtained by averaging the density of

all six transects.

2.4.  Survey of reef sessile organisms

Live coral cover and species composition were quantified following a standard belt-
transect protocol (Guzman et al., 2004). Three 10-m long replicate transects were placed
parallel to the coast at two different depths, 1-3 m and 8-10 m at all 19 sites. Coverage of
corals, algae (frondose and turf species) and sponges was visually estimated with a 1m?
quadrat divided into 100 cells of 100 cm? each. The same total area per site was always

surveyed (90 m? per reef or coral community).

2.5.  Statistical analyses

Before-after (2007-2009) comparisons were made using a BACI model Two-way
Repeated Measure ANOVA (sensu Green, 1979) using In(x+10) transformed data for fish
biomass, square- root for density of indicator species, and arsine for cover of sessile

organisms.
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3. Results

Total fish biomass differed among levels of protection (protected versus unprotected
areas) and years but the interaction was not significant (Table 1). Mean total fish biomass
in the MPA showed a significant 2.5-fold increase between 2007 and 2009, from 171 +
46.3 to 432 + 130.6 kg/1 000 m* compared to unprotected sites (Fig. 2). Biomass of non-
commercial species was only marginally significant among years and between levels of
protection (see Table 1), while biomass for commercial species increased significantly

four-fold in protected sites among years and the year x protection interaction (Table 1).

In general, higher trophic levels showed between 2007 and 2009 an increase in biomass
inside the MPA while remaining relatively unchanged in unprotected sites (Fig. 3). A
significant five-fold increase, from 43.44 + 20.6 to 223.4 + 110.9 kg/1 000 m?, was
observed for higher carnivores mean biomass and a three-fold for herbivores, from 25.1 +
6.6 to 78.3 + 11.6 kg/1 000 m?. The protection level x year interactions were significant and
marginally significant for herbivores and higher carnivores, respectively (Table 1). Mean
biomass for lower carnivores and planktivores showed no significant change between
2007 and 2009, nor the interactions (Table 1). All trophic levels were significantly higher
when comparing biomass between protected and unprotected areas in 2009 (Fig. 3). A
detailed analysis of higher carnivores mean biomass inside the MPA indicated that
increases occurred amongst all heavily targeted fish families, albeit with a significant
change only found for lutjanids (six species), from 5.3 + 3.3 to 42.6 + 18.9 kg/1 000 m? (t= -
3.155, p=0.014) because of high variability between sites. Large but non-significant
changes were found for carangids (eight species): 9.3 + 6.9 to 80.8 + 53.2 kg/1 000 cm?;
sharks: 20.0 + 20.0 to 69.3 + 52.4 kg/1 000 cm?; and serranids (three species): 2.2 + 0.6 to
4.61 + 1.0 kg/1 000 cm?.

Mean population density for all shellfish species but sea cucumbers showed a statistically
non-significant increase inside the MPA from 2006 to 2009 (Fig. 4). Mean conch density
showed the most noticeable increase from 7.7 = 4.5 to 63.5 £+ 43.0 ind./ha, followed by
68.5 £ 12.6 to 100.6 £ 31.2 ind./ha for oysters, and 4.3 + 1.9 t0 8.3 + 4.2 ind./ha for

lobsters. A small increase, 1.2 + 0.9 to 9.9 + 5.1 ind./ha, was observed for conchs in
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unprotected areas. However, mean conch density was only marginally significant among
years (MS = 50.272; F = 4.344; p = 0.054) and not between levels of protection (MS =
32.709; F = 2.464; p = 0.136) and the interaction (MS = 8.024; F = 0.693; p = 0.417). The
increased oyster density was not significant between levels of protection (MS = 3.344; F =
0.139; p = 0.714), among years (MS = 1.967; F = 0.275; p = 0.607) and the year x
protection interaction (MS = 19.699; F = 2.754; p = 0.116). Similarly, lobster density was
not significant between levels of protection (MS = 7.170; F = 2.206; p = 0.157), among
years (MS = 0.108; F = 0.153; p = 0.701) and the year x protection interaction (MS =
0.385; F = 0.545; p = 0.471).

Mean live coral cover between 2002 and 2009 showed a decrease from 43.2 = 5.7% to
35.7 £ 6.1% in the MPA and from 42.8 £ 8.6% to 26.4 + 4.9% in unprotected areas (Fig. 5),
mainly Pocillopora damicornis in both areas. However, the differences were only
significant among years (MS = 1245.619, F = 9.546, p = 0.007) but not among level of
protection (MS = 226.984; F = 0.357; p = 0.559) or interaction (MS = 161.341; F = 1.236; p
= 0.283). Crustose coralline algae cover decreased from 15.3 £ 5.0% t0 6.7 + 3.1% in the
MPA while remained unchanged in unprotected areas. Nevertheless, differences were not
significant among level of protection, year, and interaction (F = 0.0269, p = 0.872; F =
1.711, p=0.209; F = 4.003, p = 0.063, respectively). Macroalgae cover increased among
years by 16% and 15% in protected and unprotected areas, respectively. Differences
among years were significant (F = 7.528, p = 0.014) but no significant change related to
level of protection or interaction was observed (F = 0.633, p = 0.438; F = 0.0063, p =
0.938, respectively).

4. Discussion

The short-term population response was relatively clear across the different studied
organisms and trophic levels, even though statistical significance was generally swamped
by the intrinsic and expected high variability observed between and within sites in an
archipelago with 339 km of the MPA’s coastline. Protection from fishing of commercial
species, even over the short time period of this study, had a significant positive effect on

fish biomass, as reported elsewhere (Lester et al., 2009; Molloy et al., 2009). Conversely,
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protection would appear to influence sea cucumber and lobster abundance much more

slowly.

Protected areas had a much larger positive influence on fish biomass by acting as “harvest
refuge” (sensu Acosta and Robertson, 2003) than unprotected areas. Indeed, fish in
protected areas are less vulnerable to fishing and other activities, leading to increased
survivorship and spawning success. The harvest refuge explanation is supported by two
observed patterns for the CNP. Firstly, the largest increases in biomass were observed in
commercial rather than non-commercial fish species. This implies that even short-term
protection without strong enforcement led to reduced fishing mortality in commercial
species, as expected in a harvest refuge. The effect was not as pronounced in non-
commercial species because those species suffer substantially lower fishing mortality, and
so their biomass had not been depressed by fishing as much in the first place. Secondly,
the slight increase in fish biomass in unprotected areas possibly suggests spillover from
protected sites. Spillover and increased recruitment are also predicted in areas that act as

refuges for spawning stocks.

A consequence of the observed recovery of fish species was the establishment or
strengthening of predator-prey interactions. In the CNP, the higher biomass of commercial
(predatory) fish species may lead to increased predation of herbivorous and planktivorous
(non-commercial) species. Interactions of this kind may cause trophic cascades -
predator-prey effects that change a species’ abundance or biomass across more than one
trophic level (Bascompte et al., 2005). Trophic cascades influence the stability and
structure of entire food webs. It is impossible to determine from the short-term dataset
whether trophic cascades are occurring in CNP. However, it is worth noting that higher
predation may be another cause of the differences in biomass increase between
commercial and non-commercial fish species. Essentially, biomass increases in hon-
commercial species could potentially be limited by greater predation pressure from a larger
number of predatory fish. In this context it is worth noting that fish biomass at all but the
lowest trophic levels increased in protected sites while planktivorous fish biomass

declined. Trophic cascades could explain these differences.

If cascades are shaping food webs in CNP, it is puzzling that only planktivorous species

were found to be negatively affected. In theory, cascades should also influence

10
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herbivores. Stronger interactions possibly occur between carnivores and planktivores than
between carnivores and herbivores, which typically have larger body mass than
planktivores and may thus largely escape predation from recovering populations of
groupers, jacks and snappers. Differences in the strength of cascades may have important
implications for the management of CNP’s waters. Interestingly, total carnivore biomass
(higher, demersal, benthic) of 295 kg/1 000 m? in CNP, considered here an area with
moderate-to-low enforcement, was comparable to highly enforced oceanic MPAs (Cocos
and Malpelo islands; mean 396 kg/1 000 m?) within the Eastern Tropical Pacific region.
Fish biomass was considerably higher than in other weak-enforcement MPA in the region
(mean 116 kg/1 000 m?% Edgar et al., in rev.).

No clear pattern of change in density was evident across the different shellfish species.
Some species like conch and oyster increased considerably in protected areas, though
patchily between sites. However, sea cucumbers declined to the point where they were
could be considered locally extinct. The lack of a general pattern suggests that the change
in density varied according to the characteristics of each species and the size of existing
populations. Conch density may have increased rapidly in some sites because conch has
life history characteristics that lend themselves to fast population growth. Cipriani et al.
(2008), for example, found that conch populations undergo twice-yearly recruitment events
around the Coiba and Las Perlas archipelagos, a capacity for population growth that is
sufficiently high enough to account for the significant rise in density. It is also possible that
both conch and oyster populations were near a critical threshold size before protection,
above which threshold the population would have grown quickly. Protection may have
allowed the existing populations to rise above this threshold. Indeed, the observed
distribution was partially responding to level of enforcement; high conch densities were
observed in highly patrolled sites even under recruitment limited. We recorded a mean
size (length) of 16.7 £ 0.51 cm (range 4-25 cm) for Strombus galeatus, representing adults
and sub adults in the population. Maturity for this species is estimated at age 2.4 year
(Cipriani et at., 2008), thus potential for recovery is high if enforcement is efficient, perhaps
even immediately adjacent to the MPA. We predict a similar outcome for S. peruvianus
with a mean length of 11.1 £ 0.33 cm (range 8.5-12.5 cm), but unfortunately, no

information is available on the biology of the species.
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The two to three year protection period investigated here was insufficient for a detectable
effect on sea cucumber density, possibly due to problems associated with small population
size, life history or ecological traits (Claudet et al., 2010). Nevertheless, with time,
protection should allow sea cucumber populations to recover. Critical thresholds, perhaps
associated with the Allee effect, may also explain the decline in sea cucumber density in
both protected and unprotected areas. The demographic and genetic problems associated
with small population size are well characterized (Caughley, 1994). Cucumber populations
may, then, be suffering from small population effects that are preventing or slowing growth.
A recovery can only occur when population size increases enough to nullify these effects,
our data indicating that more time is needed before this occurs. Finally, Guzman et al.
(2008) found that average densities of Pacific green spiny lobster (Panulirus gracilis) in
numerous sites around the Coiba archipelago were extremely low. Indeed, average
densities were comparable to those recorded for over-exploited Caribbean spiny lobster.

Green lobsters are important carnivores that may also require a longer period for recovery.

Ecosystems around CNP were most likely in poor condition at the time protection was
established. In particular, reef corals have experienced serious changes and stress over
recent decades (Guzman et al., 2004; Guzman and Breedy, 2008). Yet despite ongoing
damage and stress that has presumably affected ecosystem function, species interactions,
and ecosystem resilience, overall live coral cover remains relatively high at present; mean
of 64% and 28% for coral communities and coral reefs, respectively, an estimate based on
a survey of 24 sites rather than the nine protected sites analyzed here (Guzman et al.,
2004). Regardless, disruption of ecological feedbacks or the loss/reduction of keystone
species in previous disturbance events (e.g., El Nifio) appears to have turned CNP
ecosystems into “patchwork ecosystems”, where biological processes and species
interactions are not as strong as in more natural environments. Recovery from a
“patchwork state” will initially occur in small, possibly unrelated steps as suggested by the
high variance between coral reef sites. As an increasing number of interactions and
processes are restored, including trophic cascades, we predict dissimilar recovery patterns
to gradually become uniform (sensu Claudet et al., 2010). For example, the reef shark
(Trionodon obesus) showed a 3.5-fold increase in biomass, contrary to other high-enforce
protected areas (Great Barrier Reef) where no recovery or protection in no-take zones is
reported (Robbins et al., 2006).

12
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Finally, increasing evidence indicates that marine reserve networks provide resilience
against environmental uncertainty (sensu Lubchenko et al., 2003). If a network covers a
sufficiently large area, catastrophes that affect one part of the network are unlikely to
influence other areas. Similarly, the greater the number of habitats protected by a
network, the less likely it becomes that all the habitats in a network are affected by a
catastrophe (Game et al., 2009). The archipelago of Coiba encompasses a convoluted
coastline with numerous islands under protection, representing typical and unusual
habitats that function as a network. The data presented here indicated that the marine
protected area of Coiba National Park (CNP) is showing slow signs of recovery for various
fish and shellfish species from extensive fishing if compared to other unprotected areas of
the Gulf of Chiriqui. However, recovery may not take place entirely because the CNP’s
management plan allows fishing in 75% of the MPA, just outside the no-take nautical mile
and including artisanal and sport fishing. Indeed, this continuous artisanal fishing pressure
produced a gross income of US$ 7.4 million to local fishermen in 2007 (Montenegro 2008).
We conclude that recovery is underway for populations of the most highly exploited
species; however, this recovery is likely hindered by highly depressed state of some

stocks, and the current fishing allowances and low-to-moderate level of enforcement.

Acknowledgements

The Government of Panama provided permits to work in the area. We thank A. Chiriboga,
C. Gomez, C. Guevara, B. Harris and K. Mantell for field assistance. We thank crew
members of R/V Urraca and R/V Helios for logistical field support. This study was partially
sponsored by Conservation International, the Walton Family Foundation, the Gordon and
Betty Moore Foundation ‘Seascape’ initiative, Fundacion MarViva, and the Smithsonian

Tropical Research Institute.

References

ANAM (Autoridad Nacional del Ambiente), 2009. Plan de Manejo del Parque Nacional

Coiba. Panama.

13



371
372
373
374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403

Bohnsack, J.A., 1990. The Potential of Marine Fishery Reserves for Reef Fish
Management in the US Southern Atlantic. NOAA Tech. Memo NMFS-SEFC-261.
National Oceanic and Atmospheric Administration, Miami.

Cipriani, R., Guzman, H.M, Vega, A.J., Lopez, M., 2008. Population assessment of the
conch Strombus galeatus (Gastropoda, Strombidae) in Pacific Panama. Journal
Shellfish Research 27, 889-896.

Claudet, J., Osenberg, C.W., Domenici, P., Badalamenti, F., Milazzo, M., Falcon, J.M.,
Bertocci, I., Benedetti-Cecchi, L., Garcia-Charton, J.A., Gofii, R., Borg, J.A., Forcada,
A., de Lucia, G.A., Pérez-Ruzafa, A., Afonso, P., Brito, A., Guala, |., Le Diréach, L.,
Sanchez-Jerez, P., Somerfield, P.J., Planes, S., 2010. Marine reserves: Fish life
history and ecological traits matter. Ecological Applications 20, 830-839.

Claudet, J., Osenberg, C.W., Benedetti-Cecchi, L., Domenici, P., Garcia-Charton, J.A.,
Perez-Ruzafa, A., Badalamenti, F., Bayle-Sempere, J., Brito, A., Bulleri, F., Culioli,
J.M., Dimech, M., Falcon, J.M., Guala, |., Milazzo, M., Sanchez-Meca, J., Somerfield,
P.J., Stobart, B., Vandeperre, F., Valle, C., Planes, S., 2008. Marine reserves: Size
and age do matter. Ecology Letters 11, 481-489.

Crain, C.M., Halpern, B.S., Beck, M.W., Kappel, C.V., 2009. Understanding and managing
human threats to the coastal marine environment. Annals of the New York Academy of
Sciences 1162, 39-62.

Edgar, G.J., Banks, S., Farifia, J.M., Calvopifia, M., Martinez, C., 2004. Regional
biogeography of shallow reef fish and macro-invertebrate communities in the
Galapagos Archipelago. Journal Biogeography 31, 1107-1124.

Edgar, G.J., Davey, A., Kelly, G., Mawbey, R.B., Parsons, K., 2009. Biogeographical and
ecological context for managing threats to coral and rocky reef communities in the
Lord Howe Island Marine Park, south-western Pacific Aquatic Conservation Marine
Freshwater Ecosystems 20, 378-396.

Edgar, G.J., Banks, S.A., Bessudo, S., Cortés, J., Guzman, H.M., Henderson, S.,
Martinez, C., Rivera, F., Soler, G., Ruiz, D., Zapata, F., 2010. Variation in reef fish and
invertebrate communities with level of protection from fishing across the Eastern
Tropical Pacific seascape. (in review).

Forcada, A., Valle, C., Bonhomme, P., Criquet, G., Cadiou, G., Lenfant, P., Sanchez-
Lizaso, J.L., 2009. Effects of habitat spillover from marine protected areas to artisanal

fisheries. Marine Ecology Progress Series 379, 197-211.

14



404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435

Game, E.T., Bode, M., McDonald-Madden, E., Grantham, H.S., Possingham, H.P., 2009.
Dynamic protected areas can improve the resilience of coral reef systems. Ecology
Letters 12, 1336-1346.

Green, R.H., 1979. Sampling Design and Statistical Methods for Environmental Biologist.
Wiley, New York.

Guzman, H.M., Breedy, O., 2008. Distribucién de la Diversidad y Estado de Conservacion
de los Arrecifes Coralinos y Comunidades Coralinas del Pacifico Occidental de
Panama (Punta Mala-Punta Burica). The Nature Conservancy, Panama.

Guzman, H.M., Guevara, C.A., Breedy, O., 2004. Distribution, diversity, and conservation
of coral reefs and coral communities in the largest marine protected area of Pacific
Panama (Coiba Island). Environmental Conservation 31, 111-121.

Guzman, H.M., Cipriani, R., Vega, A.J., Lopez, M., Mair, J.M., 2008. Population
assessment of the Pacific green spiny lobster Panulirus gracilis in Pacific Panama.
Journal Shellfish Research 27, 907-915.

Hawkins, J.P., Roberts, C.M., Dytham, C., Schelthen, C., Nugues, M.M., 2006. Effects of
habitat characteristics and sedimentation on performance of marine reserves in St.
Lucia. Biological Conservation 127, 487-499.

Hughes, T.P., Bellwood, D.R., Folke, C., Steneck, R.S., Wilson, J., 2004. New paradigms
for supporting the resilience of marine ecosystems. Trends in Ecology 20, 380-386.

Lester, S.E., Halpern, B.S., Grorud-Colvert, K., Lubchenco, J., Ruttenberg, B.l., Gaines,
S.D., Airame, S., Warner, R.R., 2009. Biological effects within no-take marine
reserves: a global synthesis. Marine Ecology Progress Series 384, 33-46.

Lubchenco, J., Palumbi, S.R., Gaines, S.D., Andelman, S., 2003. Plugging a hole in the
ocean: the emerging science of marine reserves. Ecological Applications 13, S3-S7.

Molloy, P.P., McLean, I.B., C6té, I.M., 2009. Effects of marine reserve age on fish
populations: a global meta-analysis. Journal of Applied Ecology 46, 743-751.

Montenegro, R.G., 2008. Valoracion Econdmica de los Recursos Turisticos y Pesqueros
del Parque Nacional Coiba. Conservation Strategy Fund. Panama.

Mumby, P.J., Dahlgren, C.P., Harborne, A.R., Kappel, C.V., Micheli, F., Brumbaugh, D.R.,
Holmes, K.E., Mendes, J.M., Broad, K., Sanchirico, J.N., Buch, K., Box, S., Stoffle,
R.W., Gill, A.B., 2006. Fishing, trophic cascades and the process of grazing on coral
reefs. Science 311, 98-101.

15



436
437
438
439
440
441
442
443
444
445
446
447
448

449

Roberts, C.M., Bohnsack, J.A., Gell, F., Hawkins, J.P., Goodridge, R., 2001. Effects of
marine reserves on adjacent fisheries. Science 294, 1920-1923.

Roberts, C.M., Hawkins, J.P., Gell, F., 2005. The role of marine reserves in achieving
sustainable fisheries. Philsophical Transactions of the Royal Society B 360, 123-132.

Robbins, W.B., Hisano, M., Connolly, S.R., Choat, J.H., 2006. Ongoing collapse of coral-
reef shark populations. Current Biology 16, 2314-2319.

Tupper, M., Rudd, M.A., 2002. Species-specific impacts of a small marine reserve on reef
fish production and fishing productivity in the Turks and Caicos Islands. Environmental
Conservation 29, 484-492.

Willis, T.J., Millar, R.B., Babcock, R.C., Tolimieri, N., 2003. Burdens of evidence and the
benefits of marine reserves: putting Descartes before des horse? Environmental
Conservation 30, 97-103.

16



450 Table 1. Difference in the mean square values among different level of protection
451  (protected and unprotected) and among years (2007 and 2009) and the interactions for
452  fish biomass data. Degrees of freedom 1.

453 Protection | Year Protection x Year

MS | 8.946 2.759 | 0.59

454 Total F | 7.081 12.03 | 2.576
P |0.017* 0.003* | 0.128

455 MS | 4.274 0.559 | 0.063
Non-Commercial 'F 439 4.308 | 0.49

456 P |0.052 0.054 | 0.494
MS | 7.65 6.352 | 2.151
Commercial F |5.72 17.43 |59

P |0.029% 0.001* | 0.027*

MS | 7.360 4.346 | 1.395

Higher Carnivores "= 646 13.45 | 4.317

P |0.047* 0.002* | 0.054

_ MS | 3.629 0.909 | 0.057

Lower Carnivores "5 g7 3.915 | 0.326

P |0.028 0.065 | 0.576

_ MS | 2.518 2253 | 1.568

Herbivores F |3.285 8.618 | 5.998

P |0.089 0.010* | 0.026*

_ MS | 3.031 0.134 | 0.014

Planktivores F | 4.207 0.379 | 0.039

P 0057 0.547 | 0.845

. MS | 1.749 1.028 | 1.225

Lutjanids F |4.292 8.790 | 10.473

P |0.055 0.009* | 0.005*

_ MS | 0.745 0.877 | 0.300

Carangids F 0972 4.351 | 1.489

P |0.339 0.053 | 0.240

_ MS | 0.134 0.330 | 0.008

Serranids F | 1.556 8.584 | 0.219

P 0230 0.010% | 0.646

MS | 0.854 0.341 | 0.053

Sharks F | 2523 0.726 | 0.113

P 0132 0.407 | 0.742
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Fig. 1. Map of western Pacific Panama showing the distribution of study sites and the
location of Coiba National Park; nine protected 1-9 (all within the 1.8 km no-take zone; not

indicated) and nine unprotected 10-18.

Fig. 2. Mean (z standard error) before-after fish biomass estimates for total, non-
commercial and commercial species under protected and unprotected management, and

based on total biomass per site.

Fig. 3. Mean (x standard error) before-after biomass estimates for four trophic levels,
higher carnivores, lower carnivores, herbivores and planktivores under protected and

unprotected management, and based on total biomass per site.

Fig. 4. Mean (x standard error) before-after density estimates for four indicator

(commercial) species under protected and unprotected management.

Fig. 5. Mean (+ standard error) before-after changes in live coral cover under protected

and unprotected management.
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484 Map of western Pacific Panama showing the distribution of study sites and the location of
485 Coiba National Park; nine protected 1-9 (all within the 1.8 km no-take zone; not indicated)
486 and nine unprotected 10-18.
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492 Mean (x standard error) before-after fish biomass estimates for total, non-commercial and
493 commercial species under protected and unprotected management, and based on total
494 biomass per site.
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498 Mean (x standard error) before-after estimates for total fish biomass in four trophic levels:
499 higher carnivores, lower carnivores, herbivores and planktivores under protected and
500 unprotected management.
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Mean (+ standard error) before-after changes in live coral cover under protected and
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